Background. For most stroke survivors, rehabilitation therapy is the only treatment option available. The beneficial effects of early rehabilitation on neuroplasticity and functional recovery have been modeled in experimental stroke using a combination of enriched environment and rehabilitation. However, the impact of a secondary intervention, such as a periodic return to therapy, remains unclear. Objective. This study examines whether a return to enriched rehabilitation (ie, "tune-up") can further promote functional recovery or produce beneficial changes in brain plasticity in the chronic phase of stroke recovery. Methods. Rats were exposed to focal ischemia (endothelin-1 applied to forelimb sensorimotor cortex and dorsolateral striatum) and allowed to recover either in standard housing or in a combination of enriched environment and rehabilitative reaching for 9 weeks. Animals were then exposed to rotating periods of standard housing (5 weeks) and intensive "tune-up" therapy consisting of various sensorimotor/cognitive activities (2 weeks). Functional recovery was assessed using the Montoya staircase, beam-traversing, and cylinder tests, and Golgi-Cox analysis was used to examine dendritic complexity in the contralesional forelimb motor cortex. Results. Although early enriched rehabilitation significantly improved sensorimotor function in both the beam and staircase tests, "tune-up" therapy had no effect on recovery. Golgi-Cox analysis revealed no effect of treatment on dendritic complexity. Conclusions. This study reaffirms the benefits of early rehabilitation for functional recovery after stroke. However, "tune-up" therapy provided no benefit in ischemic animals regardless of earlier rehabilitation experience. It is possible that alternative approaches in the chronic phase may prove more effective.
A pproximately 70% to 80% of stroke survivors are left with an upper extremity impairment. 1 Notably, 30% of these individuals remain severely disabled for the remainder of their lives. 2 For the vast majority of stroke patients, rehabilitation is the only treatment option available, because thrombolytic therapy is limited by its narrow time window and strict inclusion criteria. 3 Once patients appear to have reached a recovery "plateau," rehabilitation is often discontinued and patients are discharged. 4 A traditional view is that these "plateaus" represent maximum potential for recovery and that further therapy is fruitless. 5 However, when therapy includes progressively increasing intensity, duration, and/or novel activities, some patients do show further improvement in motor function. [6] [7] [8] Thus, these recovery plateaus may not represent maximal improvement but instead an adaptation to the routine intensity and duration of traditional therapy-which may itself limit poststroke recovery. Regardless, many stroke patients are discharged home instead of continuing to receive potentially beneficial therapy.
Many patients often return for periodic bouts of therapy, usually in an outpatient 9, 10 or home-based setting 11, 12 lasting days or weeks. For example, some therapists employ constraintinduced movement therapy (CIMT), where patients are encouraged to perform routine and rehabilitative activities with the impaired arm while the other is restrained. This paradigm is used over a short period of time in a rotating manner of treatment and rest. Interestingly, CIMT and similar intensive, task-related therapies have proved beneficial for chronic stroke patients months or years after reaching a recovery plateau. [13] [14] [15] [16] It is unclear, however, what if any benefit a periodic return to therapy has for functional recovery and if the initial physiotherapy seemed optimal.
The effect of rehabilitation has been well modeled in experimental stroke using a combination of enriched environment and rehabilitation (enriched rehabilitation; ER). 17 Briefly, following focal ischemia rats that are exposed to an enriched environment (a combination of social housing, complex environment, and physical activity) as well as daily reach training show an improvement in sensorimotor performance compared with "untreated" rats. This recovery is accompanied by neuroplastic changes (eg, increased dendritic branching) that are dependent on the timing of intervention. 18 Notably, this reflects only the early phase of clinical rehabilitation, and animal models have yet to investigate the effects of the periodic return to therapy that some stroke patients experience. Similarly, it remains uncertain if a secondary therapeutic intervention, such as a return to ER, can produce beneficial changes in brain plasticity that might further improve functional recovery.
In this study, the ER regimen described above was followed by rotating periods of nontreatment (ie, standard housing) and brief returns to therapy (ie, "tune-up" therapy). The "tune-up" (TU) therapy was more intense and enriching than ER because previous studies showed that ER alone has little or no benefit if initiated weeks after ischemia. 18 To incorporate progressive treatment intensity, animals were exposed to increasingly complex living environments and an increasingly challenging reaching task throughout TU periods. Functional outcome and recovery was assessed throughout the study using a series of well-established sensorimotor tests that measure skilled reaching (staircase test) and limb use (beam-traversing and cylinder tests).
Materials and Methods
All procedures complied with regulations of the Canadian Council on Animal Care and were approved by the Institutional Animal Care Committee at Memorial University.
Subjects
A total of 62 male Sprague-Dawley rats (Charles River Laboratories, Montreal, Quebec, Canada) weighing 325 to 350 g at time of surgery were used. Rats were socially housed (2 per cage) on a reverse 12-h light/dark cycle, and all experiments were done in the dark phase. Five rats did not meet staircase training criteria and were eliminated. The remaining 57 rats were exposed to either endothelin-1-induced cerebral ischemia (n = 38) or sham surgery (n = 19). One sham-treated and 3 ischemic rats died due to surgical complications. The remaining 53 rats were either placed in ER (n = 18 ischemic, 9 sham) starting 1 week postsurgery or remained in standard housing and received no therapy (ST; n = 17 ischemic, 9 sham). Animals were balanced according to staircase reaching impairment assessed on days 5 to 6 postischemia and subsequently assigned to treatment groups. Following 9 weeks of this treatment, all rats were placed in standard housing for 5 weeks without therapy. Half the animals from each group were then given 2 weeks of intensive TU therapy, whereas the other half remained in standard housing. Another period of rest (5 weeks) and TU treatment (2 weeks) was administered to the same animals ( Figure 1 ). Neither treatment regimen affected the performance of sham animals, so shams were pooled for analyses. The resulting treatment groups were the following: SHAM (n = 18), ST (n = 8), ER (n = 9), ST + TU (n = 9), and ER + TU (n = 9).
Surgery
Animals were anesthetized with 3.5% isoflurane in 30% oxygen and 70% nitrous oxide and maintained in a stereotaxic device with ∼1.75% isoflurane. A midline incision was made in the scalp and 3 burr holes drilled at the coordinates (relative to bregma) given below. Focal ischemia was induced in the hemisphere opposite the paw of best performance in the staircase test using injections of 400 pmol/µL endothelin-1 (CalBiochem, Hornby, Ontario, Canada): 2 µL at each of the forelimb cortical sites and 1 µL at the striatal site. 19 1. 
Treatment Conditions
Standard housing consisted of a plexiglas cage with a section of PVC tubing (2 rats per cage).
Enriched environments consisted of large cages equipped with an array of toys, tubes, ramps, and ropes that provided sensorimotor stimulation (5-7 rats per cage). Environments were changed twice weekly to promote exploration. Food and water were available ad libitum. Reaching therapy during ER treatment involved providing access to a modified staircase reaching apparatus 17 for 6 h/day (0900-1500), 5 days per week. Animals were removed from enriched environments and placed in individual cages with free access to an apparatus baited with 14 g of pellets that can only be retrieved using the affected (ie, contralesional) forepaw. The amount of pellets retrieved was measured and replaced midway through and at the end of each session. Water, but no other food, was available during this period.
The TU treatment consisted of 2 weeks of therapy providing enhanced enriched environments and structured sensorimotor/cognitive activities. Animals were exposed to 1 of 4 therapeutic environments and activities twice per day in a rotating fashion (eg, enriched environment 0900-1300; running wheels 1300-1700). The enriched environments (4 h/day; 3 days/week) were more complex than those used during ER with a wider variety of toys and equipment, tactile surfaces to provide sensory stimulation, increased opportunity for climbing and other motor activity, and regular inclusion of aromatic substances (eg, nutmeg, peanut butter) to provide olfactory stimulation. Environments were changed daily. Reaching therapy (3 h/day; 3 days/week) consisted of a tray reaching task in which rats could only retrieve pellets using their affected forelimb. Trays were successively raised to higher levels to provide an increasingly challenging task requiring better balance and postural control. 20, 21 Animals also received free access to running wheels attached to standard cages (4 h/ day; 2 days/week) and to a variety of Hebb-Williams mazes (4 h/day; 2 days/week) in which a water bottle was hidden and treats (Fruit Loops) were spread over the floor to encourage exploration and spatial navigation. Animals in standard housing were given similar amounts of pellets and Fruit Loops on corresponding treatment days.
Staircase Reaching Test
Animals were mildly food-restricted (∼90% of free-feeding body weight) throughout training and testing periods. Prior to surgery, animals were trained for 2 weeks (2 × 15-min trials/day, 5 days/week) to reach for 45-mg pellets (TestDiet, Richmond, IN) in the staircase test, a sensitive measure of independent forelimb skilled reaching. 22 Reaching ability was measured by recording the number of pellets eaten, dropped, and remaining on the steps of the staircase for each side at the end of each trial. Inclusion criteria required an average of ≥12 pellets eaten (out of a maximum 21) and a standard deviation of ≤2 on the last 8 training trials. Animals were retested at various time points throughout the study period ( Figure 1 ). Testing periods consisted of 2 × 15-min trials/day for 2 days.
Beam-Traversing Test
Before surgery, rats were trained to cross an elevated tapered/ledged beam into a darkened box. Performance was videotaped and analyzed by calculating the slip ratio (number of slips/number of steps) of the forelimbs and hindlimbs separately. Steps onto the ledge were scored as a full slip (1.0) and a half slip (0.5) was scored if the limb touched the side of the beam. 23 The mean of 4 trials was used for statistical analyses. Animals were tested before (Pre) and at various time points postsurgery (Figure 1 ).
Cylinder Test (Asymmetrical Forelimb Use)
Animals were placed in a clear plexiglas cylinder (20 cm in diameter) situated on a glass tabletop and videotaped from below. Single (ipsilateral and contralateral) and bilateral forelimb wall contacts were recorded for a 5-minute period (or until a minimum of 15 wall contacts were observed). Contralateral forelimb use was expressed as follows: ([contralateral forelimb contacts + ½ bilateral forelimb contacts]/ total number of forelimb contacts) × 100. 17, 24 Animals were tested before (Pre) and at various time points postsurgery ( Figure 1 ).
Histology
At the end of behavioral follow-up (25 weeks postsurgery), animals were deeply anesthetized and transcardially perfused with cold 0.9% saline. Brains were removed, stored in a modified Golgi-Cox solution for 14 days, and then transferred to a 30% sucrose solution for 2 to 5 days. Brains were sectioned at 200 µm on a vibratome, slide-mounted, and stained according to Gibb and Kolb. 25 For each animal, 6 apical and 6 basilar dendrites of layer V pyramidal neurons from the forelimb motor cortex of the contralesional hemisphere were traced using a 40× objective (effective magnification on computer monitor of ∼1700×) in combination with the Neurolucida tracing system (MicroBrightField Inc, Colchester, VT). A centrifugal branch order analysis 17, 26 was carried out using NeuroInvestigator software (MicroBrightField Inc) to determine dendritic arbor complexity.
Dendritic spine densities were also examined in the same region. For each animal, 5 terminal basilar and 5 terminal apical branch segments were traced using a 100× objective (effective magnification of ∼4250×) and spines indicated. Each branch segment was traced excluding approximately 10 µm at both proximal and distal ends. Spine density was calculated and expressed as number of spines per micrometer of dendritic length.
To be included for analysis, cell bodies and dendrites had to be located in the forelimb motor cortex region (approximately −0.80 mm to +1.50 mm AP from bregma), completely impregnated, unobstructed by other dendrites and/or blood vessels, and visible within the plane of the section.
As Golgi-Cox treatment does not lend itself well to volumetric analyses, a 5-point damage score was used to assess infarct, as described previously. 27 
Statistics
Behavioral data were analyzed using repeated-measures analysis of variance (ANOVA), and a Dunnett's test was used to determine differences between groups. Damage scores were analyzed using the Kruskal-Wallis nonparametric test and Golgi-Cox analyses using a 1-way ANOVA. Results were considered significant at P < .05.
Results
Statistical analysis showed that all groups performed similarly before surgery and that all ischemic groups were significantly impaired compared with sham animals at 1 week postsurgery on each of the behavioral tests. Sham animals were excluded from subsequent statistical analyses to examine treatment effects between ischemic groups only. Functional outcome was analyzed for the ER (ER vs ST; ending 10 weeks postsurgery) and TU (ER, ER + TU, ST, and ST + TU groups; ending 25 weeks postsurgery) periods separately to determine the effects of both phases of treatment.
Staircase Reaching Test
Enriched rehabilitation. Reaching success was measured using the number of pellets retrieved and eaten on the side contralateral to the lesion, and expressed as a percentage of presurgery performance. A repeated-measures ANOVA revealed a significant main effect of time (F 1,3 = 7.24; P < .005) and a significant interaction of group × time (F 1,66 = 4.19; P < .02). Ischemic groups showed a profound impairment in reaching success at 1 week postsurgery (Figure 2A ; P < .0001 vs shams). Whereas reaching impairments persisted in both groups throughout the treatment period, animals exposed to ER showed a steady improvement in reaching success such that they were significantly better than ST animals at the end of treatment (P < .01).
"Tune-up" therapy. A repeated-measures ANOVA revealed a significant main effect of time (F 3,6 = 6.00; P < .0001) but no effect of group or group × time interaction, indicating no effect of TU treatment ( Figure 2B ).
Beam-Traversing Test
Enriched rehabilitation. Performance was measured using the average number of foot faults per step while crossing the beam. A repeated-measures ANOVA revealed significant main effects of group (F 1,33 = 5.45; P < .05) and time (F 1,3 = 34.84; P < .0001) and a significant interaction of group × time (F 1,66 = 3.37; P < .02). Ischemic groups made significantly more foot faults per step than shams at 1 week postsurgery ( Figure 3A ; P < .0001). However, ER animals improved during the treatment period, performing significantly better than ST animals at both the Mid-ER (P < .05) and Post-ER (P < .0001) test periods. No notable improvement was observed in ST animals.
"Tune-up" therapy. A repeated-measures ANOVA revealed a significant main effect of time (F 3,6 = 16.60; P < .0001) but no effect of group or group × time interaction, indicating no effect of TU treatment ( Figure 3B ).
Cylinder Test
Enriched rehabilitation. Contralesional forelimb use was expressed as a percentage of total forelimb contacts on the wall of the cylinder during rearing and exploration.
Figure 2 Staircase Skilled Reaching Test
Note: A, Following ischemia (Post-Sx), all animals were significantly impaired compared with sham animals. Animals in the ER group showed a steady recovery in reaching performance over the enrichment/rehabilitation treatment period and were significantly better than ST animals at the end of ER treatment (Post-ER). ST animals showed no improvement during this period. B, There were no significant differences among ischemic groups throughout the "tune-up" treatment period. Values are mean ± standard error of mean (*P < .01; ER vs ST).
A repeated-measures ANOVA revealed only a significant main effect of time (F 1,3 = 47.12; P < .0001). Ischemic animals showed a strong reliance on the ipsilesional forelimb at 1 week postsurgery ( Figure 4A ; P < .0001). Both ER and ST groups showed a similar improvement in contralesional forelimb use during the treatment period and were not significantly different from sham animals by the end of treatment.
"Tune-up" therapy. A repeated-measures ANOVA revealed a significant main effect of time (F 3,6 = 13.98; P < .0001) but no effect of group or group × time interaction, indicating no effect of TU treatment ( Figure 4B ).
Infarct analysis. The area and extent of injury are described in Figure 5 .
Spine Density
Spine density was measured on terminal dendrites in the contralesional forelimb motor cortex ( Figure 6A) . A 1-way ANOVA found no significant differences among groups in either apical (F 4,48 = 0.26; P = .91) or basilar (F 4,48 = 0.14; P = .97) dendritic spine density.
Figure 3 Beam-Traversing Test
Note: A, Both ER and ST animals made significantly more foot faults than sham animals following surgery (Post-Sx). However, ER animals improved during the enrichment/rehabilitation treatment period such that they performed significantly better that ST animals and were not different than shams by the end of ER treatment (Post-ER). B, There were no significant differences among ischemic groups at any time point during the TU treatment period. Values are mean ± standard error of mean (*P < .05, **P < .0001; ER vs ST).
Figure 4 Cylinder Test of Forelimb Asymmetry
Note: A, Whereas all animals tended to use both forelimbs approximately equally prior to surgery (Pre), both ER and ST animals showed a significant reliance on the ipsilesional forelimb following surgery (Post-Sx). Both groups showed a similar improvement in contralesional forelimb use over the ER treatment period, such that they were no longer different from shams by the end of treatment (Post-ER). B, There were no significant differences among ischemic groups throughout the "tune-up" treatment period. Values are mean ± standard error of mean.
Dendritic Branching
A 1-way ANOVA of branch order found no significant differences among groups in either apical (F 4,48 = 0.65; P = .63) or basilar (F 4,48 = 0.64; P = .59) dendritic complexity ( Figure  6B ). However, there was a nonsignificant tendency for ST animals to have the fewer basilar dendritic segments at each branch order, and ST animals were the only group to have no branch segments beyond the 7th order on basilar dendrites or beyond the 19th order in apical dendrites.
Discussion
Similar to previous studies, 17, 18 we found that enriched environment combined with daily reach rehabilitation (ER) provided in the early poststroke period improves motor function following focal ischemia in rats. Animals exposed to ER at 7 days after ischemia showed a steady improvement in motor function over the course of treatment and performed significantly better than untreated (ie, standard housed) animals on both staircase and beam-traversing tests at the end of 9 weeks of treatment. These results add to growing evidence that stroke patients should be provided with a stimulating environ ment in addition to intensive task-specific rehabilitation. 28 Many studies have shown that enriched environments encourage neuroplastic changes in the intact brain 29, 30 and promote recovery following various types of brain injury and stroke. 17, [31] [32] [33] [34] Exposure to complex living environments also raises levels of neurotrophic factors, 35, 36 enhances dendritic branching, 17, 18, 37 and increases neurogenesis. [38] [39] [40] Yet many stroke survivors, even in specialized treatment centers, spend much of their time inactive and alone with a lack of environmental stimulation. [41] [42] [43] [44] Importantly, our results confirm that ER is effective in a model of focal ischemia that specifically targets forelimb motor control, and which is known to be resistant to spontaneous recovery. 45 Interestingly, we saw a less striking improvement in reaching performance compared with our previous studies using the endothelin-1 middle cerebral artery occlusion model of ischemia, 17 which often spares forelimb motor cortex and may be more amenable to rehabilitation-induced recovery. Standard housed animals (ST) showed no improvement in performance on either the staircase or beam-traversing tests, again confirming that this model produces persistent motor impairment with little spontaneous recovery. At the same time, 9 weeks of ER treatment produced significant recovery on both tests. It is crucial
Figure 5 Representative Illustration Showing the Area and Extent of Injury Produced Following Endothelin-1 Injection
Note: The lesion typically affected the forelimb sensorimotor cortex and dorsolateral striatum. In animals with the largest lesions, incidental damage was observed in adjacent cortical regions. A 5-point damage score revealed no differences between treatment groups (median score = 1.49; H = .326; P = .955).
Note: A, There were no significant differences in apical or basilar dendritic spine density among groups at the end of behavioral follow-up (25 weeks postsurgery). B, A dendritic branch order analysis found no significant differences in apical (not shown) or basilar dendritic branching among groups at the end of behavioral follow-up (25 weeks postsurgery). Values are mean ± standard error of mean.
Figure 6 Golgi-Cox Analysis
that models of stroke reflect elements of human stroke when studying rehabilitation and neural repair. 46 Such models should produce injury patterns and persistent sensorimotor impairments common in human stroke. Our model meets both these criteria, and we posit that it is ideal to study not only the behavioral/functional sequelae of rehabilitation but also the neuronal correlates subserving recovery processes.
Despite the functional improvements observed, treated animals did not approach presurgical performance on the staircase test of skilled reaching, suggesting that there is room for enhanced recovery and a need for further intervention. Therefore, it is important that this study investigated the effects of a "return to therapy," where animals were exposed to additional periods of therapy in the chronic phase of poststroke survival when sensorimotor recovery appeared to plateau.
It is unrealistic that stroke survivors will receive continuous structured therapy. Instead, most patients receive therapy in the subacute phase and are discharged home (where programs or self-directed therapy are often lacking). Some patients may receive subsequent periods of therapy, often in an outpatient setting, consisting of regular physical and/or occupational therapy provided over days or weeks. 9 Whereas this "tune-up" approach is used in the clinical setting, it is not evidence based. There are little or no data from clinical trials suggesting that these periodic returns to therapy provide any benefit to patients, and it has not been modeled experimentally.
We found no evidence that a "tune-up" approach was effective for motor recovery following focal ischemia in rats. Animals that received and benefited from early ER therapy did not show any further improvement following TU therapy. It should also be noted that animals that received early ER but not TU did not show a decline in performance over the course of this study. One rationale for providing "tune-up" therapy to patients is to maintain gains in function that would otherwise deteriorate. However, both ER and ER + TU animals continued to perform at the improved levels observed following ER and, therefore, maintained the recovery seen at that time regardless of subsequent treatment. However, it remains possible that with even more extended survival performance may have declined due to aging. Finally, no benefit of TU therapy was observed in animals that had received no previous treatment (ST + TU). This is not surprising, because as we have previously shown there is a crucial time window for therapeutic intervention, and therapy initiated weeks following experimental ischemia has little or no functional benefit compared with treatment started early. 18 Additional interventions (eg, stem cell therapies) aimed at increasing plasticity and/or extending this time window may allow for more effective rehabilitation in the chronic phase.
No effect of treatment was observed on spine density in the contralesional forelimb motor cortex. This was not unexpected, as other studies have found no change in spine density after enriched environment and/or rehabilitation despite other neuroplastic effects. 17, 18, 47, 48 In vivo imaging studies show that spines are very dynamic in response to stroke, changing in both number and morphology within minutes and hours of ischemic injury. 49, 50 Any changes in spine density or structure may be too transient for detection at the much later time points used in this study.
Notably, no significant effect of treatment was observed on dendritic branch complexity in the contralesional forelimb motor cortex. While other studies have found effects of ER on dendritic branching 37 this has been detected immediately following weeks of continuous therapy. This study, however, examined branching after a more sporadic TU period and at a much later time point postischemia. Indeed, both human [51] [52] [53] [54] and animal 55, 56 studies suggest that changes occurring in the contralesional hemisphere may be transient and more reflective of shorter-term compensatory responses after stroke.
Nonetheless, it is interesting that all treatment groups (ER and/or TU) tended to have a more complex basilar dendritic tree in the contralateral forelimb motor cortex than did the untreated (ST) group, indicating some degree of neuroplastic response to rehabilitation. It is possible that a prolonged or intensive treatment paradigm might promote further dendritic branching, but further research is required to determine how this might be optimized to facilitate functional recovery. Additionally, functional recovery in the chronic phase after stroke may be more related to neuroplastic changes in the perilesional cortex rather than the contralateral hemisphere. However, in the absence of such functional improvements, we did not investigate this possibility.
Implications
Our results clearly reaffirm the effectiveness of early therapeutic intervention for recovery of motor function following stroke. However, there appears to be little or no benefit of a return to therapy, as modeled here. At 6 months postischemia, there were no differences between treatment groups regardless of whether or not the animals received additional TU therapy.
Our findings imply that a periodic return to therapy may not be the most effective approach in poststroke rehabilitation. It may be that patients would benefit more from an early intervention that is designed to progress in intensity more quickly, challenging the patient at each stage of improvement rather than allowing for recovery plateaus and subsequent discharge. 57 However, it is possible that our TU therapy itself was suboptimal and that a longer duration or greater emphasis on the primary impairment (ie, reaching) would lead to further improvements. Furthermore, progressively more challenging and individually tailored clinical treatments are difficult to model in experimental environments. It is clear that more research on mechanisms of neuroplasticity and recovery in the chronic phase of stroke is needed because many patients continue to make gains in function years after initial injury. [58] [59] [60] supported in part by operating grants from the Canadian Institute of Health Research and the Canadian Stroke Network (DC). DC holds a Canada Research Chair in Stroke and Neuroplasticity. JC was supported by a fellowship from the Natural Sciences and Engineering Research Council of Canada. HM was supported by travel grants from the Brain and Mind Priority Area and Department of Psychology, University of Copenhagen.
